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ABSTRACT
Life extension of the existing nuclear reactors imposes accumulated damages, such as higher fluences and longer period of corrosion, to structural materials, which would result in significant challenges to the traditional reactor materials such as type 304 and 316 stainless steels. Advanced alloys with superior radiation resistance will increase safety margins, design flexibility, and economics for not only the life extension of the existing fleet but also new builds with advanced reactor designs. The Electric Power Research Institute (EPRI) teamed up with Department of Energy (DOE) to initiate the Advanced Radiation Resistant Materials (ARRM) program, aiming to develop and test degradation resistant alloys from current commercial alloy specifications by 2021 to a new advanced alloy with superior degradation resistance in light water reactor (LWR)-relevant environments by 2024.
Corrosion resistance in water environment is one of the fundamental properties required for LWR core internal materials. High-temperature steam oxidation tests are not only an accelerated life testing method to uncover potential failure modes in a short period of time, but also an approach to evaluate materials' resistance to accidental scenarios. Coupons, prepared from fourteen candidate alloys that were selected under the ARRM program, were exposed to 1 bar full steam with ~10 part-per-billion oxygen content at 600 and 650°C for up to 5,000 h, which were weighed at 500-h intervals.
Ni-base superalloys are an important class of alloys for reactor applications. Alloys 690, 725, and X-750 were three of the selected Ni-base superalloys exposed to the steam tests. This report summarizes the metallurgical aspects, such as alloy thermodynamics and the nature of the oxides and the diffusivities of primary elements, and their effects on oxidation behavior of the three alloys.
In addition to monitoring mass change, microstructures of the 5000h-exposed samples of alloys 690, 725, and X-750 were characterized using scanning and transmission electron microscopy and energy dispersive x-ray spectroscopy. Together with thermodynamic calculations, the scale constitution and its exfoliation behavior were discussed. Based on experimental and theoretical values, a new model was proposed to quantitatively estimate the metal thickness loss of the alloys. Alloy X-750 was found to have the best resistance to steam oxidation with the least metal thickness loss (<1 µm), which were slightly superior to alloy 690. Alloy 725 exhibited the worst resistance to steam oxidation with the greatest metal thickness loss, e.g., ~2.5 µm at 650°C, which is nearly three times of the metal thickness losses of alloys 690 and X-750 at 650°C. The greatest metal thickness loss of alloy 725 might be attributable to its high Mo content.
Photos of the fracture toughness tested samples of eight alloys are presented, which will be correlated with their fracture toughness results and planned tensile test results to select representative alloy samples for detailed microstructural characterization to reveal their microstructure and properties relationships.
INTRODUCTION
Nuclear power currently provides a significant fraction of the United States' non-carbon emitting power generation. In future years, nuclear power must continue to generate a significant portion of the nation's electricity to meet the growing electricity demand, clean energy goals, and to ensure energy independence. New reactors will be an essential part of the expansion of nuclear power. However, given limits on new builds imposed by economics and industrial capacity, the extended service of the existing fleets will also be required.
Nuclear reactors present a very harsh environment for components service. Components within a reactor core must tolerate high temperatures, water, stress, vibration, and an intense neutron field. With the nominal irradiation temperature of ~290°C in light water reactors (LWRs), actual component temperatures range from 270°C to 370°C depending on the relative position of the component within the reactor core and relative amounts of cooling and gamma heating. Degradation of materials in this environment can lead to reduced performance, and in some cases, sudden failure. Extending the service life of a reactor will increase the total neutron fluence to each component and may result in radiation-induced effects not yet observed in LWR conditions, although this form of degradation has been observed in fast reactor conditions. Increases in neutron fluence may exacerbate radiation-induced or -enhanced microstructural and property changes. Comprehensive reviews on radiation effects on the traditional structural materials of LWRs can be found in Ref. [1, 2, 3] .
It is desirable to have advanced alloys that possess greater radiation resistance than the traditional reactor materials, while having satisfactory performance in other primary properties. The use of such advanced alloys in replacing the traditional reactor materials for the extension of the existing fleets and the building of new reactors will bring improved safety margins and economics. To identify and develop advanced radiation resistant materials, Electric Power Research Institute (EPRI) has partnered with Department of Energy (DOE) Light Water Reactor Sustainability (LWRS) Program to conduct an Advanced Radiation Resistant Materials (ARRM) program. The EPRI report of "Critical Issues Report and Roadmap for the Advanced Radiation-Resistant Materials Program" [4] reviewed the current commercial and advanced alloys that are applicable as core structural materials of LWRs and laid out a detailed research plan to meet the goal of the program.
Oxidation resistance is one of the primary properties required to be screened for reactor materials, together with other properties such as fracture toughness, radiation-hardening, and irradiation-assisted stress corrosion cracking resistance. The materials will be down-selected for neutron irradiation study and comprehensive post-irradiation examinations to understand key factors governing superior properties, from which advanced replacement alloys will be developed and recommended for applications in LWR core internals. This report primarily presents the analytical results of high-temperature steam oxidation behavior of select Ni-base superalloys 690, 725 and X-750.
Ni-base superalloys are one of the classes of alloys investigated in this program, which are an important class of alloys used in nuclear reactors because of their excellent strength and corrosion resistance in general. Alloys 690, 725 and X-750 are a few outstanding examples, which are expected to have increased reactor applications. Alloy 690, derived from alloy 625 by reducing Mo and increase Cr for improved stress corrosion cracking resistance [5] , has potential to replace alloys 600 and 625 for broader reactor applications. Alloy 725, also derived from alloy 625 by adding strengthening elements such as Nb, Ti and Al to favor age-hardening by forming γʺ-Ni3(Nb,Ti,Al) and γʹ-Ni3(Ti,Al) [6] , is attractive for turbine applications, but rarely used in reactor primary circuit yet. Alloy X-750 is a precipitation-hardenable alloy, derived from alloy 600 by adding Ti and Al to favor the formation of secondary phase γʹ-Ni3(Ti,Al) [7] , which has more than three decades of applications, e.g., spacer grids in reactor core and other high-strength uses [8] , in light water reactors (LWRs).
Corrosion resistance is one of the primary properties required to be screened for reactor materials. There are a number of studies reporting the corrosion behavior of alloy 690 exposed to different water environments. For example, exposing alloy 690 to simulated pressurized water reactor primary water at 360°C resulted in discrete coarse NiFe2O4 particles in the outer oxide layer (up to ~2.5 µm) and a mixture of Cr-rich (Fe,Cr,Ni)3O4, Cr2O3 and metal in the inner layer (up to ~0.3 µm) [9] . Exposing alloy 690 to hydrogenated subcritical (360°C and 25 MPa) and supercritical (400°C and 25 MPa) water for up to 2,000 h did not result in a significant difference in the oxide scales, except for the observation of NiO in the outer layer, compared to that formed in the simulated primary water [10] . However, exposure of alloy 690 to aerated supercritical water (SCW) at 450-600°C with 8 part-per-million (ppm) oxygen led to more extensive oxidation with a Ni-rich outer layer including NiO, NiFe2O4 and Ni(OH)2 and a Cr-rich inner layer including Cr2O3 and NiCr2O4 [11, 12] . Unlike alloy 690, reports about water or steam tests of alloy 725 at elevated temperatures are scant. Similarly, water or steam tests of alloy X-750 have not been reported. A recent example is alloy X-750 exposed in simulated boiling water reactor (BWR) environment at 286°C and 8 MPa for up to 840 h, resulting in a NiFe2O4 outer layer, a mixture of Cr-rich oxide with metal, and an intermediate layer of Ti-and Ni-rich needles with NiO between the outer and inner layers [13] . This result is similar to alloy X-750 exposed to simulated high flow velocity BWR water conditions, except for the absence of Ti-rich oxides and the presence of Fe2O3 at the outmost surface [14] . However, exposure to SCW for up to 1,000 h at 500°C and 25 MPa with 10 part-per-billion (ppb) oxygen simply led to the formation of a fine NiCr2O4 layer underneath a coarse NiFe2O4 layer on alloy X-750 [15] .
To evaluate the corrosion resistance of alloys 690, 725, and X-750 for their potential use in advanced reactor concepts and life extension of LWRs, accelerated testing was conducted in this work by exposing the alloys to 1 bar steam (starting water conductivity of 0065 µS/cm) at 600 and 650°C for 5,000 h. Additionally, the photos of the fracture-toughness-tested samples were taken to provide one of references for future microstructural characterization of select alloys.
EXPERIMENTAL
Commercial heats of alloys 690, 725, and X-750 were procured with the reported compositions in weight percent (wt%) listed in Table 1 . The heat numbers and specific heat treatments that were applied to the heats are presented in Table 2 . Coupons (19 × 10 × 1.5 mm) were cut from the procured alloys by electro-discharge machining and ground to a 600 grit SiC finish, followed by ultrasonic cleaning in acetone and methanol in sequence. The exposures were conducted in three-zone tube furnaces with an alumina reaction tube and stainless steel endcaps. The deionized water was deaerated, filtered and atomized without a carrier gas to generate 1 bar steam with ~10 ppb oxygen content. The oxygen content is comparable to the oxygen level in the primary water chemistry (≤10 ppb) of pressured water reactors and significantly lower than the normal water chemistry (200-400 ppb) of boiling water reactors [16] . Five coupons per alloy were evaluated at each temperature and held in an alumina boat. The coupons were slowly heated to the target temperatures over ~4 h under Ar gas to limit oxidation, held for 500 h each cycle at 600 or 650°C and then cooled in the same manner for a total of 10 cycles. Mass change was measured each cycle using a Mettler-Toledo model XP205 balance with an accuracy of ±0.04 mg or ±0.01 mg/cm 2 .
Microstructural characterization was conducted on the 5000-h exposed coupons by means of scanning electron microscopy (SEM), transmission electron microscopy (TEM: JEOL JEM-2100F at 200 kV), and energy dispersive X-ray spectroscopy (EDS). For cross-sections, the coupons were Cu-plated prior to sample cutting and metallographic polishing in an epoxy mount. Focused ion beam (FIB: FEI Versa 3D Dual-Beam) was used to prepare electron transparent lamellae from the intact part of the steam-exposed coupons for TEM characterization. Progressive final cleaning steps using a 5 to 2 kV ion beam were employed to minimized possible artifacts on the lamellae from FIB processing. Selected-area electron diffraction (SAED) was performed to help phase identification.
STEAM CORROSION BEHAVIOR
MASS CHANGE
The time-dependent mass changes of the steam-exposed coupons of alloys 690, 725 and X-750 are shown in Figure 1 , with the black and red open symbols denoting the 600 and 650°C results, respectively. The dashed lines are polynomial fitting to indicate the time-dependent trends. After small mass gains during the first 1,500 h of exposure at 600°C, alloy 690 and 725 specimens began to show mass loss with alloy 690 having the highest mass loss. The mass losses of alloys 690 and 725 at 600°C were not stabilized within the 5,000-h exposure. In contrast, alloy X-750 specimens showed negligible mass changes at 600°C. At 650°C, alloy 690 exhibited moderate mass gains, approximately saturated at ~0.1 mg/cm 2 , while alloy 725 had the highest mass gains approximately saturated at ~0.25 mg/cm 2 . Alloy X-750 specimens showed the lowest mass gains but the greatest scatter. The transition from general mass losses at 600°C to mass gains at 650°C may suggest a relatively constant source of mass loss such as evaporation combined with increasing scale growth at the higher temperature. Mass loss could also be associated with scale spallation, but spallation typically increases with temperature. Literature mass change data for alloys 690 and X-750 exposed to different water environments are included in Figure 1 as filled symbols with solid lines for comparisons. The inset of Figure 1 shows the enlarged section to better reveal the mass changes within 1,000 h. Alloy 690 exposed to hydrogenated water at 360°C (21 MPa) and 400°C (25 MPa) had minimal mass gains of nearly 0.01 and 0.02 mg/cm 2 , respectively [10] . The aerated water with 8 ppm dissolved oxygen under 25 MPa resulted in higher mass gains to up to 0.04 and 0.1 mg/cm 2 at 450 and 550°C, respectively [11] . However, such high mass gains were not retainable, which turned to have noticeable reductions in mass gains. The aerated water with 8 ppm oxygen at 600°C (25 MPa) resulted in noticeable mass losses [12] . The alloy 690 data under comparable pressures indicate that higher oxygen content and temperatures tended to result in greater instability to the mass changes from minor mass gains to noticeable mass losses. Temperature, oxygen content, and pressure as three primary test environment factors played a synergistic role in the corrosion behavior. Higher temperature and oxygen content would favor faster oxidation kinetics for thicker oxide scale formation, leading to mass gains followed by possible mass losses when the scales become too thick. Higher pressure would deteriorate scale integrity by forming pores in the scales that were observed on austenitic stainless steels [17, 18] , resulting in spallation of the scales and mass losses. The 600°C steamexposed alloy 690 specimens in this work had significantly less mass loss than the alloy 690 specimens exposed in aerated water at 600°C, which might have been benefited from the lower oxygen content and pressure in the steam (~10 ppb and 1 atm) compared to that in the aerated water (8 ppm and 25 MPa). Additionally, the comparable mass change of alloy 690 between the exposures in steam at 600°C (this work) and in hydrogenated water at 360 and 400°C, which have a similar level of oxygen content, implies that temperature might not be a key factor governing mass change compared with oxygen content. Following the same trend with oxygen content as a key factor, alloy X-750 exposed in simulated BWR water at 286°C and 8 MPa had exceptional mass losses compared to the mass gains of alloy X-750 exposed in SCW at 500°C and 25 MPa with 10 ppb oxygen. However, the steam-exposed alloy X-750 in this work at 600 and 650°C exhibited noticeably lower mass gains than the SCW-exposed alloy X-750 at 500°C, considering their comparable oxygen content. The higher pressure in the SCW might have accelerated the oxidation rate.
SEM AND EDS RESULTS
The secondary electron images (SEIs) of the 5000-h-exposed samples in a cross-sectional view are shown in Figure 2 . The images were taken at the same magnification with the oxide scale and deposited copper at the top of the images. The oxide scales are generally continuous. The scales on the 650°C-exposed samples primarily differ from the 600°C-exposed samples in three aspects: thicker scales; noticeable internal oxidation on alloy 690 ( Figure 2b) ; thicker oxidation-influenced layer beneath the scales, which was up to 6, 12, and 2 µm for alloys 690, 725, and X-750, respectively, as indicated by the white doublearrows. The scale thickness follows the same descending order for the 600°C-and 650°C-exposed samples of alloys 725, 690, and X-750, except for minor difference for the 600°C-exposed samples with 0.67±0.19, 0.53±0.31, and 0.34±0.20 µm but noticeable difference for the 650°C-exposed samples with 2.13±0.27, 0.80±0.17, and 0.68±0.50 µm, respectively. The descending order for the 650°C-exposed alloys is consistent with the mass grain trend of the alloys as shown in Figure 1 . Unlike alloys 690 and X-750, alloy 725 showed a dense lath-like phase in the oxidation-influenced layer beneath the scale. Additionally, some dark features appeared right beneath the scale on alloy 725 exposed at 650°C. Cross-sectional EDS line scans were conducted on the 650°C-5,000h-exposed samples, which are plotted in Figure 3 , with the copper and oxygen denoted in open circles connected by dashed lines and the inherent primary alloying elements denoted in filled circles connected by solid lines. EDS line scans were not conducted on the 600°C-exposed samples because it was believed that the 600°C-exposed samples have similar elemental depth profiles as the 650°C-exposed samples, except for their much thinner scale and oxidation-influenced layer. The oxide scales are primarily enriched with Cr. Minor Ti enrichment was observed in the scales on alloys 725 and X-750 because of their high Ti content. Additionally, Ni-enriched oxide surface was observed on alloy 725. Beneath the scales, an oxidation-influenced layer showed noticeable Ni and minor/negligible Fe enrichment, together with noticeable Cr depletion. Minor Mo enrichment was also detected in the oxidation-influence layer of alloy 725 because of its high Mo content. Assuming 50% Cu as the scale surface, the overall oxidation-influenced thickness, including the scale, on alloys 690, 725, and X-750 exposed at 650°C for 5,000 h were measured to be ~5.6, ~9.7, and ~2.0 µm, 
TEM AND EDS RESULTS
Alloy 690
The TEM characterized microstructures of the 5000-h-exposed alloy 690 samples are shown in Figure  4 and Figure 5 for the 600 and 650°C exposures, respectively. The bright-field STEM images in Figure 4a and Figure 5a display scale in light gray on the right side, protected by a FIB-deposited Pt-layer. The 650°C-exposed sample has a noticeably thicker scale with an average thickness of 0.94 µm in contrast to 0.30 µm for the scale on the 600°C-exposed sample. The EDS maps in Figure 4b -c for the scale at (b) and (c) on the 600°C-exposed sample reveal discrete Ti-and Mn-rich oxides at outmost of the scale, followed by the dominant Cr-rich oxide and a thin Al-rich layer at the scale-matrix interface. Some globular particles in sub-micrometers appeared either at grain boundaries or within grains beneath the scale, as shown in Some discrete white features were observed beneath the scale, penetrating into matrix following grain boundaries as shown in Figure 4a and Figure 5a . Examples of selected area EDS map and SAED are show in Figure 5b -c for the white features, which were characterized as Al-rich nature with a Al2O3 diffraction pattern in the [7 # 32] zone axis. Compared to Figure 4e of the 600°C-exposed sample, the ultrafine precipitates were not observed in the 650°C-exposed sample as shown in Figure 5b having reflections only from matrix in the <112> zone axis. 
Alloy 725
The TEM/EDS characterization results of alloy 725 samples exposed to steam at 600 and 650°C for 5000 h are shown in Figure 6 and Figure 7 , respectively, together with representative EDS spectra of the oxide and alloy phases in Figure 8 . The 600°C-exposed sample in Figure 6a shows a thin scale (0.18 µm) on right side, in contrast to the thick scale (2.22 µm) on the 650°C-exposed sample in Figure 7a Figure 6h , taken from a grain far from the scale, exhibits secondary reflections as an ordered phase, which matches Ni3Ti-cP4 in a [011] zone axis with a deduced lattice parameter of a = 0.362 nm assuming a lattice parameter of 0.357 nm for the fcc matrix. The dark-field TEM image in Figure 6i , using the (1 # 00) reflection enclosed in a dashed-line circle in Figure 6h , indicates that Ni3Ti-cP4 is dispersed in matrix in an elongated shape with lengths <~70 nm. A pore is shown in the scale on the 650°C-exposed sample (Figure 7a ), which was occasionally observed in the scale during FIB preparations. Figure 7b shows a high-angle annular dark-field (HAADF) image, taken from the white-line-outlined square region in Figure 7a , which reveals some dark features as Al-rich oxide. The EDS spectrum in Figure 8a indicates that the Al-rich oxide contains a high-intensity carbon peak, which may imply a complex form of Al-O-C compound. The limited size of the Al-rich features prevented them from SAED analysis. A few dark-gray features were also observed and identified as Cr2O3 by EDS. Alloy phases such as µ and (Mo,Nb)Ni3 located at (e) and (f) in Figure 7b , respectively, were identified as that in the 600°C-exposed sample. The phase components in the scale were analyzed by SAED using a large aperture schematically shown in the Figure 7c with a white-line-outlined circle, which is shown in Figure 7c . Indexing of the diffraction ring pattern was assisted by CrysTBox [20] with excellent fitting confidence. Other than (Mo,Nb)Ni3 that might have been captured from the adjacent particles, the scale was characterized to be a mixture of Ti2O3, TiO2, and NiCr2O4. The presence of Ni-rich oxide is consistent with the characterized Ni enrichment at surface as shown in Figure 3b . 
Alloy X-750
The TEM characterized microstructures of alloy X-750 exposed at 600 and 650°C for 5000 h are shown in Figure 9 and Figure 10 , respectively. The bright-field STEM image in Figure 9a shows a thin scale (~0.12 µm) on the 600°C-exposed sample. One of the three internal oxidation features within the black-lineoutlined square in Figure 9a was analyzed by EDS mapping with the primary elemental maps shown in Figure 9b . The internal oxidation is primarily Al/Ti-rich oxide and the scale is primarily composed of continuous Cr-rich oxide adjacent to the metal matrix and Ti-rich oxide at the outer scale. Figure 9c exhibits a diffraction ring pattern taken from the scale schematically within the black-line-outlined circle in Figure  9a . Indexing of the ring pattern yielded a mixture of Cr2O3, Ti2O3, TiO2, and FeCr2O4 for the scale. In comparison, the 650°C-exposed sample had a noticeably thicker scale (~1.52 µm) as shown by the bright-field TEM image in Figure 10a . A large-aperture produced SAED ring pattern in Figure 10b , taken from the region within the black-line-outlined circle in Figure 10a , indicates that the scale is primarily composed of a mixture oxide of NiCr2O4, Fe2O3, and NiO. 
DISCUSSION
Computational Alloy Thermodynamics
Computational thermodynamics was employed to calculate the oxide stability of the alloy-oxygen systems using the JMatPro Ni-alloy database. Figure 11 plots the calculated phase amount in mole as a function of oxygen partial pressure for alloys (a) 690, (b) 725, and (c) X-750, together with (d) the calculated composition of M2O3 as a function of oxygen partial pressure for the three alloys, exposed at 600°C. The 650°C condition had about the same layout of the phases and constituent elements of each phase as the 600°C condition, except for slight changes in the relative amounts of the phases and small moves of the layout to higher oxygen partial pressures (to right). The calculations indicate a dual-layer oxide structure on the three alloys. The outer layer is composed of NiO, AB2O4, and M2O3, together with some MoNb and (Mo,Nb)Ni3 on alloy 725 (Figure 11b ) and some Fe3O4 and Ni3Nb on alloy X-750 ( Figure  11c ), according to the 10 ppb oxygen content in the steam that is approximately marked on the x-axis of Figure 11a -c. The inner layer is fcc metal mixed with M2O3 and AB2O4, together with some Al2O3 at the lowest oxygen partial pressures for the oxides on alloys 690 (Figure 11a ) and X-750 (Figure 11c) . Figure  11d suggests that M2O3 has a varied composition from low to high oxygen partial pressure as Ti2O3 à (Cr,Ti)2O3 à (Ti,Cr,Fe)2O3 à (Fe,Cr,Ti)2O3, where the elements in the parentheses are in a descending order in terms of concentration. The composition change of AB2O4 as a function of oxygen partial pressure (not shown here) is relatively simpler, which changes from FeCr2O4 in the inner layer to NiCr2O4 in the outer layer. The high Al content (0.72 wt%) in alloy X-750 leads to some Cr being substituted by Al as Fe(Cr,Al)2O4 and Ni(Cr,Al)2O4. The moderate Al content (0.23 wt%) in alloy 690 yielded negligible effect on the AB2O4 composition. According to the TEM characterization results, the characterized oxide and alloy phases for the three alloys exposed at 600 and 650°C for 5,000 h are summarized in Table 3 . The experimental results are approximately consistent with the calculated results in Figure 11 , in terms of the presence of M2O3. However, the calculation predicted AB2O4 in the outer scale was only observed on alloys X-750 and 725 at 650°C. The predicted NiO in the outer scale was only observed on alloy X-750 at 650°C. The results imply that the outer scale was mostly exfoliated during the steam exposure and/or the "cyclic" cooling down for weighing, which favored the outer Ti2O3 becoming TiO2 by the elevated oxygen partial pressure. The characterized alloy phases agree well with the thermodynamic calculations. The Cr-rich globular particles in alloy 690 corresponds to the calculated body-centered cubic (bcc) phase. Although dispersed Ni3Ti-hP14 was observed in the fcc matrix of alloy 690 exposed at 600°C, this phase was not detected in the alloy exposed at 650°C. Comparing to the calculation of alloy 690 with 0.0104 mole at 600°C and 0.0073 mole at 650°C for Ni3Ti, it implies that the undetected Ni3Ti at 650°C was likely attributable to the amount of the phase lower than the TEM detection limit. Other than Ni3Ti-hP14 in fcc matrix beneath scale, a metastable state of Ni3Ti-cP4 was observed in the matrix far from the scale on alloy 725. Fig. 3b indicated composition changes beneath scale, e.g., Ni and Mo enrichment and Cr depletion, on alloy 725. The effect of composition variance on the stability of Ni3Ti requires more detailed thermodynamics evaluation to understand the evolution of the phase. Alloy phases µ and (Mo,Nb)Ni3 were characterized in alloy 725, but Cr-rich bcc phase was not observed, which might be attributable to the limited amount (<0.02 mole) of the bcc phase compared to µ and (Mo,Nb)Ni3 with amounts ~0.1 mole. The scattered sub-micrometer particles of the bcc phase were difficult to locate under TEM compared to the dispersed Ni3Ti despite its less amount (e.g., 0.0104 mole in Figure 11a) . Similarly, the other minor phases such as Fe3O4 and Ni3Nb predicted on alloy X-750 were not able to be observed. 
Exfoliation of Oxide Scale
The relationships between mass change, scale thickness (both from SEM and TEM results), and calculated oxide phase fraction in outer scale for alloys 690, 725, and X-750 exposed at 600 and 650°C for 5,000 h are summarized in Figure 12 . The 600°C results in Figure 12a indicate that the scale thickness characterized under TEM was generally thinner than that under SEM, which is contrary to the 650°C results in Figure 12b . The TEM-characterized thicknesses were generally within the standard deviation ranges of the SEM-characterized thickness, except for alloy 725 at 600°C and alloy X-750 at 650°C. However, the TEM-characterized thicknesses on alloy 725 at 600°C and alloy X-750 at 650°C were still within the minimum or maximum thickness characterized by SEM. Basically, thicker scales are correlated with either greater mass losses at 600°C or greater mass gains at 650°C. The thicker scales with greater mass losses at 600°C, e.g., alloys 690 and 725, may suggest greater metal losses that exceeded the scales-induced mass gains. The phase fraction in Figure 12 is average values of the oxide phases in outer scale below 10 ppb oxygen partial pressure from Figure 11a Thermal expansion incompatibility is one of the key factors causing scale exfoliations. Figure 13 plots the temperature-dependent thermal expansion coefficients of a variety types of oxides [21, 22] , together with that of the three alloys from vendors' alloy specifications. The thermal expansion coefficients of the oxides are generally either comparable to or lower than (but with similar changing slops) that of the alloys, except for Ti2O3 and NiCr2O4. Ti2O3 adjacent to metals as suggested in Figure 11d was barely observed, while (Ti,Cr,Fe)2O3 at the inner-outer scale interface as suggested in Figure 11d was identified as shown in Figure 10a -c. The partial substitution of Cr and Fe for Ti in Ti2O3 may reduce the thermal expansion discrepancy between the oxide and metals as suggested by the excellent match or lower thermal expansion coefficients of Fe2O3 and Cr2O3 compared with that of the metals. However, significant thermal expansion discrepancy between NiCr2O4 and metals (and other oxides) could not be alleviated, resulting in outer scale exfoliations. Consequently, NiCr2O4 (the outer scale) was only observed on alloys 725 only at 650°C and X-750 at both temperatures, which correlate with their low NiCr2O4 fractions (<0.25). Additionally, the partial Al-substitution in Ni(Cr,Al)2O4 on alloy X-750 because of its high Al content, suggested by the thermodynamic calculation, would alleviate the thermal expansion discrepancy between Ni(Cr,Al)2O4 and metal according to Ref. [23] , which favored the integrity of the scale on alloy X-750. [25] . Assuming the negligible composition effect on the ratios of the diffusion coefficients can be extended into lower temperatures despite the change in the ratios of the relation, the actual diffusion coefficients of the three primary elements in the alloys would not change the singular linear relationships for Fe and Ni and the two-section linear relationship for Cr as shown in Figure 14 . The noticeably enhanced Cr diffusivity at 650°C favored stable scale development compared to the scales at 600°C. 
Metal Thickness Loss by the Steam Exposures
Assuming uniform oxidation at the edge, the same as that at the large surfaces of the tested coupons, and letting A as the large surface area and t0 (from the black dashed line as schematically shown in Figure  15a ) as the initial thickness of the tested coupons, tm as the final metal thickness (in black shade in Figure  15a ) and ts as the scale thickness (in green shade in Figure 15a The microstructural characterization indicated that the scale was primarily composed of M2O3, AB2O4, and TiO2, with theoretical density in the range of 4.23 (TiO2) to 5.22 g/cm 3 (Cr2O3). The effect of Al2O3 (3.95 g/cm 3 ) on the overall scale density is negligible because of its limited amount. The ρs can be estimated to be ~5 g/cm 3 according to the relative content of the oxide components. The 8 @ of the 600°C-exposed samples can be deduced from Figure 12a as -1.92, -1.00, and 0.16 g/cm 3 and the 650°C-exposed samples from Figure 12b as 1.19, 1.11 , and 0.55 g/cm 3 for the scales on alloys 690, 725, and X-750, respectively, using the SEM-characterized scale thicknesses. With the ρ0 of the alloys, i.e., 8.12, 8.31 , and 8.14 g/cm 3 for alloys 690, 725, and X-750, respectively, and the ts (SEM-characterized) from Figure 12 , the ∆t can be estimated to be 1.10, 1.18, 0.50 µm at 600°C and 0.93, 2.45, and 0.92 µm at 650°C for alloys 690, 725, and X-750, respectively, which are plotted in Figure 15b . 
SUMMARY
Coupons of alloys 690, 725, and X-750 were exposed to 1 bar steam with ~10 ppb oxygen content at 600 and 650°C for up to 5,000 h. Mass changes of the coupons indicated general mass losses at 600°C but mass gains at 650°C. To understand the distinct behavior, microstructural characterization using SEM, TEM, and EDS was conducted on the samples exposed to 5,000 h at the two temperatures. Together with computation alloy thermodynamics and the nature of the oxides and the diffusivities of primary elements, quantitative metal loss behavior of the three alloys was identified.
SEM, TEM, and EDS characterization revealed significantly thicker scales at 650°C compared to that at 600°C, which were primarily composed of Cr2O3, Ti2O3, Al2O3, FeCr2O4, NiCr2O4, NiO, and TiO2. The results are generally consistent with thermodynamic calculations, except for TiO2 that is believed to be formed by the outer-scale exfoliation raising the local oxygen partial pressure. The steam exposures resulted in an extensive oxidation-influenced layer beneath the scales, which favored the formation of additional precipitates such as (Mo,Nb)Ni3 in alloy 725. Other phases such as Cr-rich bcc phase and Ni3Ti were observed beneath the scales as predicted by the thermodynamic calculations.
Analyzing the relationships between mass change, scale thickness, and the calculated oxide phase fraction indicates that high fraction of NiCr2O4 is correlated with greater mass losses and scale instability because of the large thermal expansion discrepancy between this oxide and metal (and other oxides). The significantly increased diffusivity of Cr at 650°C favored the better scale development and integrity compared to that at 600°C, e.g., general mass gains vs. mass losses. The 5000-h exposures resulted in varied metal thickness losses. The estimation suggests that alloy X-750 had the least metal thickness loss (<1 µm), slightly less than alloy 690. Despite the metal loss of alloy 725 is only slightly more than that of alloy 690 at 600°C, the metal thickness loss of alloy 725 (~2.5 µm) is nearly three times of that of alloys 690 and X-750 at 650°C, which might be attributable to its high Mo content, tending to form volatile MoO3 with elevated volatility at 650°C.
